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What color are the stars on the American flag? To answer, you probably formed a mental image of the flag, and ''saw'' that the stars are white. The question to which this article is addressed is, what neural events underlie this ability to form and use mental images? More specifically, what is the relation between the neural bases of mental imagery and visual perception? Are mental imagery processes lateralized to one hemisphere? And, finally, what are the implications of neuroscientific data for our understanding of mental imagery at the functional, or 'informationprocessing' level of description used in cognitive science?
What the Mind's Eye Tells the Brain's Visual Cortex
The subjective similarity of seeing and imagining suggests that common internal representations might underlie these two experiences. In support of this hypothesis, cognitive psychologists such as Finke,1 Kosslyn,2 Paivio,3 and Shepard4 have used a variety of ingenious experimental paradigms to gather evidence that imagery and perception have similar behavioral consequences, and that imagery and verbal thought have different behavioral consequences. However, for reasons to be discussed in the last section of this article, not all cognitive psychologists have found these behavioral demonstrations persuasive. It is therefore of interest to turn to neuropsychological and physiological evidence on these issues.
With respect to the relation between imagery and perception, the relevant evidence can be divided into two categories: brain imaging data that implicate activity in cortical visual processing areas during imagery; and studies of braindamaged patients showing selective deficits in imagery ability that parallel the patients' perceptual deficits. In the first category are electrophysiological and regional blood flow studies of normal subjects during imagery.
One approach has been to record event-related potentials (ERPs) to visual stimuli while subjects hold mental images.5 If imagery has a systematic e¤ect on the ERP, then there must be some common brain locus at which imagery and perceptual processing interact. More important, if the interaction between imagery and perception is content-specific-for example, if imaging an H a¤ects the ERP to visually presented Hs more than the ERP to visually presented Ts, and imaging a T a¤ects the ERP to Ts more than the ERP to Hs-then the interaction must be taking place in neural structures where information about the di¤erences between Hs and Ts is preserved, that is, in common neural representations. Imagery was found to have a contentspecific e¤ect on the ERP within the first 200 ms of stimulus processing, and this e¤ect was localized at the occipital and posterior temporal recording sites, as shown in figure 30.1. Furthermore, the inference that the image-percept interaction was occurring in modality-specific visual cortex is strengthened by the fact that the time course of the e¤ect of imagery on the ERP was the same as that of the first negative peak of the visual ERP waveform, which is believed to originate in extrastriate visual cortex. 6 The act of generating a mental image from memory also has discernible e¤ects on the ERP.7 ERPs were recorded to words under two instructional conditions: to encode the word (baseline condition), and to encode the word and form an image of its referent (image condition). The di¤erence between the ERPs to the words in these two conditions should reflect the brain electrical activity synchronized with the generation of mental images. This di¤erence measure, represented in figure 30 .2, was also maximal over the occipital and posterior temporal regions of the scalp, whether words were visually or auditorily presented.
Regional cerebral blood flow provides another method of localizing brain activity accompanying mental imagery. Roland and Friberg8 measured regional cerebral blood flow while subjects rested and during a series of di¤erent cognitive tasks, one of which involved visual imagery: visualizing a walk through one's neighborhood making alternating right and left turns starting at one's front door. This task caused massive blood flow to the posterior regions of the brain, including the occipital, posterior parietal and posterior inferior temporal areas important for higher visual processing. Goldenberg et al.9 devised a simpler imagery task, along with a control task di¤ering from the imagery task only in the absence of imagery. They gave groups of normal subjects the same auditorily presented lists of concrete words to learn under di¤erent instructional conditions: one group was told just to listen to the words and try to remember them; and the other group was told to visualize the referents of the words as a mnemonic strategy. Imagery was associated with more blood flow to the occipital lobes, particularly the left inferior occipital region, and with high co-variation of blood flow (which provides another index of re- Figure 30 .1 Topographic representation of the distribution of the e¤ect of imagery on the visual ERP, obtained by subtracting the ERP to the stimulus when the image and stimulus do not match from the ERP to the stimulus when the image and stimulus match, at 173 ms after stimulus presentation (the latency of the first negative peak of the visual ERP). gional brain activity), bilaterally, in the occipital and posterior temporal areas of the brain. Comparable results were obtained when subjects tried to answer questions that require visual imagery (e.g., ''is the green of pine trees darker than the green of grass?'') compared with those that do not (e.g.,''is the categorical imperative an ancient grammatical form?''). 10 The results of the brain imaging studies implicate occipital, temporal and parietal cortex in mental imagery, the same areas that subserve visual perception. Although it is di‰cult to distinguish activity in primary visual cortex from that in visual association areas on the basis of these techniques, the ERP results suggest that primary visual cortex is probably not involved: imagery has its earliest e¤ect on the visual ERP at the latency of the first negative component, a component with a presumed extrastriate origin. This is consistent with the results of single-unit recordings in conscious monkeys, showing cognitive e¤ects on neuronal activity in secondary, but not primary, visual cortex.11
If mental imagery does consist of endogenously generated activity in cortical visual areas, then patients with damage to those areas should have imagery deficits that parallel their perceptual deficits. Studies of the e¤ects of focal brain damage on imagery are generally consistent with this prediction. For example, color vision may be impaired after brain damage with relative preservation of other visual capacities, and in these cases, the ability to imagine color is often compromised as well.12 De Renzi and Spinnler13 investigated various color-related abilities in a large group study of unilaterally brain-damaged patients, and found an association between impairment on color vision tasks, such as the Ishi- Figure 30 .2 Topographic representation of the distribution of the e¤ect of generating an image from memory, obtained by subtracting the ERP to auditorily presented words when subjects passively listen to the words from the ERP to the same stimuli when subjects generate mental images of the words' referents. The e¤ect is shown at 50-ms intervals beginning 600 ms after word onset (upper left diagram) and continuing left to right, and top row to bottom row, through 1150 ms after word onset. hara test of color blindness, and color imagery tasks, such as verbally reporting the colors of common objects from memory. This is what one would expect to find if the color of mental images were represented in the same neural substrate as the color of visual percepts.
The specializations of the ''two cortical visual systems'' for representing visual location and appearance information also appear to apply to mental imagery.14 A patient with visual disorientation following bilateral posterior parietal lesions could not localize visual stimuli, although he was able to recognize them, and his imagery abilities paralleled his perceptual abilities. He was unable to describe the layout of furniture in his home or the locations of shops in his neighborhood from memory, despite his ability to give accurate and detailed descriptions of the appearances of objects from memory. A patient with visual agnosia following bilateral inferior temporal lesions showed the opposite pattern of perceptual and imagery abilities. He was impaired at recognizing objects, but not localizing them, and he was unable to draw or describe the appearances of objects from memory, despite his ability to give accurate descriptions of the spatial locations of objects and landmarks from memory. In a review of the literature for similar cases, we found that in most published reports of patients with selective ''what'' or ''where'' deficits in visual perception for whom imagery was tested, parallel imagery impairments were found.
More selective impairments of perceptual functioning within each of the two cortical visual systems also exist, and have correlates in imagery. For example, the neglect syndrome, characterized by a failure to detect visual stimuli in the side of space opposite a parietal lesion, has been shown by Bisiach and his colleagues to manifest itself in imagery. In one study,15 two right parietal-damaged patients were asked to form an image of the famous Piazza del Duomo in Milan, with which the patients had been familiar before their brain damage. When asked to imagine viewing it from the position marked ''A'' in figure 30.3, and to describe the view, both patients omitted from their descriptions the landmarks that would have fallen on the left side of that scene and named only the landmarks marked ''a'' on the map. When the patients were asked to repeat the task from the opposite vantage point, at position ''B,'' they omitted the landmarks previously included in their descriptions, which now fell on the left of the imagined scene, and named only landmarks marked ''b'' on the map.
The functioning of the ventral visual system can also be partially impaired, resulting in recognition deficits for certain classes of stimuli and not others. In these cases, imagery deficits again parallel the perceptual deficits. For example, in further testing of the agnosic patient described earlier, a selective impairment was found for imaging stimuli that could be roughly categorized as ''living things,'' paralleling his greater recognition impairment for those stimuli. 16 Shuttleworth, Syring and Allen17 reviewed the literature on cases of prosopagnosia (agnosia for faces) and found that impaired imagery for faces was common. Of their own prosopagnosic patient, they report that she had ''no voluntary visual recall (revisualization) of faces but was able to revisualize more general items such as buildings and places. '' In sum, several lines of evidence converge in implicating cortical visual processing areas in mental imagery. Electrophysiological and regional blood flow measures demonstrate activity in visual areas while normal subjects form mental images. In addition, localized damage to these areas results in selective imagery deficits that parallel the more evident visual perceptual deficits.
Hemispheric Specialization for Mental Imagery
Many higher perceptual and cognitive functions are carried out more proficiently or even exclusively by one hemisphere, and the question therefore arises whether there is any cerebral asymmetry for mental imagery. Ehrlichmann and Barrett18 pointed out the existence of a widespread assumption that imagery is a specialized function of the right hemisphere, but found little support for this assumption in their critical review of the literature. Farah19 suggested that di¤erent components of mental imagery ability might have di¤erent neuroanatomic loci, and identified a subset of cases of loss of imagery whose profile of abilities and deficits indicated a loss of the image generation process-the ability to form a visual mental image from stored long-term visual memory information. In this subset of cases, the predominant site of damage was the posterior left hemisphere. Subsequent cases have been consistent with this localization20 and have suggested a relation between the inability to recognize multiple forms that sometimes follows left posterior brain dam- age21 and the inability to generate a normally detailed image from memory, which is believed to require the synthesis of separately stored parts of the image.2 Language and verbal memory need not be impaired in such cases, despite the laterality of the lesion, indicating that imagery and verbal thought depend upon at least partially distinct neural processes. 19 The results of research with split-brain patients are also consistent with left hemisphere specialization for generating images. In one experiment, carried out with patient J. W.,22 a single hemisphere was presented with an upper case letter and asked to classify the corresponding lower case letter as ascending (e.g., ''f ''), descending (e.g., ''g'') or neither, a judgement that requires generating a mental image. Only the left hemisphere of this patient could perform the task. In contrast, both hemispheres could correctly classify the lower case letters when viewing them, and both could associate the upper case letters with the corresponding lower case forms in free vision, implicating image generation per se as the cause of the right hemisphere's failure in the imagery task. With a di¤erent imagery task that did not require visualizing details, judging whether a named animal was larger or smaller than a goat, both of J. W.'s hemispheres performed well, consistent with the idea that the left hemisphere is specialized for synthesizing images that have distinct parts.23 Two other split-brain patients have been tested on image-generation tasks so far. Like J. W., L. B. showed left hemisphere superiority for the generation of detailed visual images, although his right hemisphere was above chance in at least one image-generation task. 24 Results from patient VP are less clear: she showed initial left hemisphere superiority, but her right hemisphere eventually attained comparable levels of performance.23 It should be noted that the right hemisphere of this patient is also capable of speech.
Research with normal subjects has also, on the whole, supported the hypothesis of left hemisphere specialization for image generation. For example, imagery has a larger e¤ect on perception in the right than in the left hemifield,25,26 generating images interferes more with rightthan with left-hand motor performance,27,28 and causes greater suppression of EEG a-rhythm over the left than over the right hemisphere. 29 The results of the brain imaging studies with normal subjects mentioned earlier, in which images were formed while brain activity was monitored, are also relevant: all showed leftsided foci of activity.7 -10 Nevertheless, some studies have shown the opposite trend, for greater right than left hemisphere involvement in image-generation tasks30,31 and these exceptions may indicate that factors such as practice, individual di¤erences and task requirements modulate the roles of the hemispheres in image generation. 32 In addition to recalling from memory the appearances of stimuli that are absent, we can also use mental imagery to decide how a stimulus currently in view would look if it were spatially transformed.33 For example, in deciding whether the pairs of objects depicted in figure  30 .4 are identical or mirror images of one another, you probably mentally rotated them. The process of mental image rotation can be dissociated by brain damage from mental image generation,34 implying that di¤erent neural systems are involved, and the available evidence suggests some degree of right hemisphere superiority for mental rotation. For example, Ratcli¤35 assessed the ability of patients with penetrating head wounds to carry out a mental rotation task, and found that the right posteriorly damaged patients were most impaired at this task. Papanicolaou et al.36 measured regional cerebral blood flow and evoked potentials to task-irrelevant visual probe flashes while normal subjects performed the mental rotation task shown in figure 30 .4. They found greater blood flow to the right than to the left hemisphere (especially the right parietal region), and greater suppression of probe-evoked potentials over the right than over the left hemisphere, when sub-jects performed mental rotation than when they passively viewed the same stimuli. Using a lateralized stimulus-presentation technique, Cohen25 found evidence that normal subjects rotate mental images with their right hemispheres, and Corballis and Sergent24 used a similar task to document normal mental rotation ability in the right but not the left hemisphere of split-brain patient L. B.
The Functional Architecture of Mental Imagery: Constraints from Neuropsychology
It has proved di‰cult for cognitive psychologists to gather decisive evidence on certain issues concerning mental imagery. Data that seem to support the visual nature of images, and the map-like or pictorial format of images, can also be explained in terms of non-visual and propositional (i.e., language-like) representations. Anderson37 has argued that this is an inherent limitation of the kinds of data used by cognitive psychologists. If one can control and measure only the inputs and outputs to a ''black box,'' then there will always be alternative theories of the internal processing stages that can account for any set of input-output data. For example, the finding that people take longer to ''scan'' mentally across subjectively larger mental images appears to support a spatial format for mental images.2 However, Pylyshyn38 has suggested that the underlying representations are propositional, and that the scanning times reflect subjects' interpretation of imagery instructions as instructions to simulate the scanning of a visual percept.
The neuroscientific data reviewed earlier provide a new source of evidence on these questions. The dissociability of imagery impairments from Figure 30 .4 Are the objects in each of these pairs identical or is one a mirror image of the other? Response time data from normal subjects indicate that most people answer this question by mentally rotating the objects. 33 impairments in verbal thought suggests that thinking in images is distinct from thinking in language. The existence of common neural substrates for imagery and perception demonstrates rather directly that imagery is a function of the visual system and, insofar as occipital representations are retinotopically mapped, carries the further implication that images also have this format. Finally, in addition to addressing questions about imagery that cognitive scientists have already asked, this new source of data suggests new insights about the functional architecture of mental imagery: the dissociability of imagery impairments after dorsal and ventral damage, for example, implies that the normal visual imagery system includes separate subsystems for representing visual appearance and spatial location information.39
